Background: There is a need for robust, clearly defined, patient-relevant outcome measures for use in randomised trials in perioperative medicine. Our objective was to establish standard outcome measures for postoperative pulmonary complications research. Methods: A systematic literature search was conducted using MEDLINE, Web of Science, SciELO, and the Korean Journal Database. Definitions were extracted from included manuscripts. We then conducted a three-stage Delphi consensus process to select the optimal outcome measures in terms of methodological quality and overall suitability for perioperative trials. Results: From 2358 records, the full texts of 81 manuscripts were retrieved, of which 45 met the inclusion criteria. We identified three main categories of outcome measure specific to perioperative pulmonary outcomes: (i) composite outcome measures of multiple pulmonary outcomes (27 definitions); (ii) pneumonia (12 definitions); and (iii) respiratory failure (six definitions). These were rated by the group according to suitability for routine use. The majority of definitions were given a low score, and many were imprecise, difficult to apply consistently, or both, in large patient populations. A small number of highly rated definitions were identified as appropriate for widespread use. The group then recommended four outcome measures for future use, including one new definition. Conclusions: A large number of postoperative pulmonary outcome measures have been used, but most are poorly defined. Our four recommended outcome measures include a new definition of postoperative pulmonary complications, incorporating an assessment of severity. These definitions will meet the needs of most clinical effectiveness trials of treatments to improve postoperative pulmonary outcomes.
Each year, more than 300 million patients undergo surgery worldwide. 1, 2 Estimates of attributable mortality vary from 1% to 4%, however some studies suggest that more than one in five deaths occur in a small group of high-risk patients. 1,3e6 Even when complications are successfully treated, these are still associated with reduced long-term survival. 7 Some of the most common postoperative complications affect the respiratory tract, with incidences ranging from 9% to 40%, depending on the definition used. 8e11 A number of factors promote pulmonary complications amongst patients undergoing major surgery. Anaesthesia can lead to reduced functional residual capacity, hypoxaemia, and impaired central respiratory drive, while surgical manipulation can restrict ventilation, damage respiratory muscles, and cause atelectasis. 12 When combined with pre-existing respiratory disease and postoperative pain, the risk of pneumonia, respiratory failure, and death is increased. 10 There is a need for large, high quality clinical trials to improve the treatment of patients at risk of postoperative pulmonary complications. 'The impact of any large clinical trial is critically dependent on the use of well-defined outcome measures, which must be patient-centred, reliable, valid, and potentially modifiable by the trial intervention. 13, 14 Inconsistent reporting of outcomes across trials investigating similar clinical problems hinders the interpretation of new research findings in the context of existing research evidence, and prevents the use of pooled data in systematic reviews. 14 Many definitions are similar but not sufficiently so to allow robust comparison. There is a recognised need for a standardised list of clearly defined clinical outcome measures for use in large, pragmatic clinical trials in this field. 15 This would help investigators to improve the design of clinical trials through the use of recognised reference standards. This should lead to a stronger evidence base to inform clinical practice and improve short-and long-term outcomes for patients after surgery.
The Standardized Endpoints for Perioperative Medicine (StEP) collaboration was established to evaluate the literature and create standards for the definition and use of outcome measures in clinical effectiveness research in perioperative medicine, addressing the need for greater precision and consistency in defining outcomes for perioperative clinical trials. 15 As part of this initiative, we performed a systematic literature review of clinical trials and observational studies of pulmonary outcomes in perioperative care, followed by a Delphi process to develop recommendations for standardised outcomes.
Methods
Members of the group were recruited to better understand and improve the pulmonary morbidity, which occurs during and after surgery. We performed a systematic literature review to identify studies with relevant clinical outcome measures that should be considered for future use in clinical trials. The group then evaluated these outcomes to decide which should be considered as evidence in a wider evaluation of clinical outcome measures in all areas of perioperative medicine. . Search results were limited to those that were observational trials, randomised controlled trials, and meta-analyses conducted in adult subjects. The bibliography of evaluable studies and other selected papers were searched manually for potentially relevant citations.
Study selection criteria
Records were held within a record management system (Mendeley, London, UK) and duplicates were removed. The title and abstract of remaining records were then reviewed independently by two researchers (T.E.F.A. and A.J.F.). The full text paper of records identified as potentially relevant were downloaded and further assessed. Full texts were selected for inclusion if the study design was that of an observational study with prospective patient recruitment, a randomised controlled trial, or a meta-analysis and reported a respiratory outcome as the primary outcome measure. Articles were excluded if they included paediatric participants (<18 yr of age), had a primary outcome unrelated to the respiratory system, or did not provide a primary outcome definition. Differences in opinion were resolved by referral to a third researcher.
Data extraction
Data were extracted from the selected articles by two researchers acting independently. Data was extracted into a database (Excel 2007, Microsoft, Redmond, WA, USA) and included lead author name, year of publication, number of participants (and papers for meta-analyses), primary outcome measure, and definition of primary outcome measure.
Delphi process
The results of this systematic review informed a Delphi consensus process conducted during 2017 to obtain input and consensus from a group of medical and other health researchers with experience in anaesthesia and perioperative medicine trials. 16 Stage 2: formal rating of the recommendations (Delphi round one)
We extracted the outcome measures from manuscripts identified in our literature search, and then created summary tables in different categories, allowing easy comparison of outcome measure definitions. We circulated these tables within the Pulmonary StEP theme group and asked members to submit their ratings via an online form. Manuscripts were first evaluated by using a 'traffic light' scale (green/amber/red) for methodological quality, and overall suitability as endpoints in the context of perioperative trials. This rating encompassed validity, reliability, ease of use, and frequency of use in the perioperative literature. Where two or more alternative definitions were very similar, we promoted use of the more precise and detailed alternative(s). Definitions that had been superseded or were clearly out of date were categorised as red.
Stage 3: Delphi round two
The second Delphi round included participants from the entire StEP Working Group (n¼75). Participants were asked to score each of the items listed using a scale of 1e9, with 1e3 labelled 'Not that important or invalid', 4e6 labelled 'Important but requires revision', and 7e9 labelled 'Critical for inclusion'. 18, 19 Participants were given the option to select 'unsure' if they were unable to offer an opinion as to which category to apply to the item. Participants were invited to suggest any other endpoints, or definitions, or modifications to existing definitions that they believed should be included. A reminder email was sent to ensure prompt completion of the survey. The final numbers of respondents and item completions were recorded. The number of participants who scored the item and the median, and inter-quartile range of scores were quantified. Members of the Pulmonary StEP theme group were then invited to discuss the results via email. Any items not rated as critical (i.e. 70th centile score <7) but still with a median score of 7 or greater were retained for consideration in the second round. Lower-rated endpoint items identified for removal could be retained if they were considered as critical by any group member for the second round. Items with a median score of 3 were not retained.
Stage 4: Delphi round three and final recommendations
Delphi round three included members of the Pulmonary StEP theme group (n¼14). The summary results of the above process were provided to these participants, inviting further comments. If responses to this final stage suggested a need for further modification to endpoint definitions, then this was resolved by the authors via email discussion.
Results

Study selection
We identified 2366 records from the electronic search strategy, and a further 13 records through other sources. After removal ), respiratory failure (postoperative PaO 2 <60 mm Hg on room air, a ratio of PaO 2 to inspired oxygen fraction <300, or pulse oximetry <90% and requiring oxygen therapy), pleural effusion (chest X-ray demonstrating blunting of the costo-phrenic angle, loss of the sharp silhouette of the ipsilateral hemi-diaphragm when upright, displacement of adjacent anatomical structures, or a hazy opacity in one hemithorax with preserved vascular shadows when supine), atelectasis (lung opacification with a shift of the mediastinum, hilum or hemi-diaphragm, and compensatory over inflation in the adjacent nonatelectatic lung), pneumothorax (air in the pleural space with no vascular bed surrounding the visceral pleura), bronchospasm (newly detected expiratory wheezing), or aspiration pneumonitis (acute lung injury after the inhalation of regurgitated gastric contents). Median score 6 4/10 scored !7
Green
Continued One or more of: pneumonia (presence of radiological evidence of pulmonary infiltration associated with at least two of: purulent sputum, temperature >38.0 C or leucocytosis >25% above baseline value); trachea-bronchitis (marked increase in sputum production or presence of purulent sputum when chest X-ray normal); atelectasis (radiological evidence of atelectasis associated with dyspnoea); acute respiratory failure (acute deficiency of gas exchange with necessity for invasive or non-invasive mechanical ventilation); bronchoconstriction (wheezing associated with dyspnoea, requiring bronchodilators or change in previous dosage of bronchodilator.
Amber e e
Scholes and colleagues 47 
Pulmonary complications
Four or more of: chest radiograph report of collapse/consolidation; oral temperature >38 C on more than one consecutive postoperative day; pulse-oximetry (SpO 2 ) <90% on more than one consecutive postoperative day; production of yellow or green sputum different to preoperative assessment; infection on sputum culture report; unexplained white cell count >11Â10 9 litre À1 or antibiotic therapy for respiratory infection; new abnormal breath sounds on auscultation different to preoperative assessment; or physician diagnosis of postoperative pulmonary complication.
Red e e
Vidotto and colleagues 48 Postoperative pulmonary complications Any one of: acute respiratory infection (pneumonia or purulent trachea-bronchitis, where pneumonia was established by the presence of lung infiltration on chest X-ray associated with at least two of: purulent tracheobronchial secretion, temperature >38.3 C or a 25% increase in baseline blood leucocytes; and purulent trachea-bronchitis was diagnosed when tracheobronchial secretions increased in amount or changed in colour or purulence, associated with a normal chest X-ray; atelectasis (acute respiratory symptoms associated with radiological imaging); bronchospasm (wheezing detectable with a stethoscope associated with acute respiratory symptoms and the need for medication therapy).
Amber e e
Yang and colleagues 49 Postoperative pulmonary complications PaO 2 /FiO 2 >300 mm Hg, the presence of newly developed lung lesions (lung infiltration and atelectasis), or both, within 72 h of the operation.
Zarbock and colleagues 50
Postoperative pulmonary complications Any one of: decreased pulmonary oxygen transfer ratio, nosocomial pneumonia, re-intubation rate, and readmission to the ICU after elective discharge to the general ward.
Red e e Akutsu and colleagues 51 Postoperative pneumonia
All of: increase of sputum, opacity on chest X-ray, consolidation on computed tomography, increased temperature, increased WBC count, and CRP value in the serum.
Cassidy and colleagues 52 Postoperative pneumonia
At least one definitive chest X-ray, and at least one sign (fever, leucocytosis, or altered mental status with no other cause), and at least one microbiologic laboratory finding (positive cultures from blood, broncho-alveolar lavage, or pleural fluid) or at least two symptoms (purulent sputum, worsening cough, dyspnoea or tachypnoea, rales or rhonchi, or worsening gas exchange). Continued of duplicates, 2358 records remained. The full texts of 81 manuscripts were retrieved, of which 45 met the inclusion criteria ( Supplementary Fig. S1 and Table S1 ). A summary of full texts excluded after review, with reason for exclusion, is shown in Supplementary Table S1 . The definitions extracted from included studies are summarised in Table 1 . We identified three main categories of outcome measure specific to pulmonary outcomes in perioperative medicine: (i) composite outcome measures including a number of pulmonary outcomes (27 definitions); (ii) pneumonia (12 definitions); and (iii) respiratory failure (six definitions). These are summarised in Supplementary Table S2, Tables 1e3, along with the rating (red/amber/green) given by the group and a summary definition of each outcome measure.
Postoperative pulmonary complications
Despite a large number of candidate definitions, the group was unable to reach a consensus on the best definition of postoperative pulmonary complications. Many definitions used component definitions, which differed widely in severity and underlying biological mechanism (e.g. atelectasis and acute respiratory distress). After a discussion, and having sought advice from the StEP steering committee, we have ); purulent tracheobronchial secretions; or a reduction in the PaO 2 fraction of inspired oxygen ratio~15% according to Centers for Disease Control and Prevention definitions. Patients with a clinical pulmonary infection score >6 were also considered to have pneumonia.
Hortal and colleagues 37 Ventilator associated pneumonia New, progressive, or both, pulmonary infiltrates on chest radiograph in a patient ventilated more than 48 h plus two or more of: fever >38.5 C or hypothermia <36 C, leucocytosis >12Â10 9 litre À1 , purulent tracheobronchial secretions or a reduction of PaO 2 /FiO 2 >15% in the last 48 h according to the Centers for Disease Control definitions. We also included as pneumonia, those with a clinical pulmonary infection score >6. Early-onset pneumonia was defined as occurring within the first 4 days of hospitalisation and late-onset pneumonia as occurring on Day 5 or later on. The isolation of one or more microorganisms in significant bacterial count was required to confirm the diagnosis.
Jiao and colleagues 58
Ventilator associated pneumonia Chest X-ray results, with at least two of: fever >38 C; a white blood cell count of >11 000 or <3000 ml À1 ; or the presence of purulent endotracheal secretions. Microbiological samples were obtained by fibreoptic bronchoalveolar lavage (BAL), and the growth of !104 CFU ml À1 microorganism culture of BAL was considered to be positive.
Red e e
Nicolosi and colleagues 59 Ventilator associated pneumonia
Within 48 h of intubation or 72 h after extubation, evidence of a new lung infiltrate on chest X-ray and at least two of: leucocytosis, fever, or purulent tracheobronchial secretion.
Severgnini and colleagues 22
Clinical pulmonary infection score
The modified clinical pulmonary infection score was calculated by a modified original score as described by Pelosi and colleagues. 60 Amber Median score 5 17/75 scored !7
Median score 4 2/10 scored !7
recommended a new definition which allows lower severity pulmonary events to be captured as part of the overall clinical outcome (Box 1).
Pneumonia
Only the US Centers for Disease Control definition was recommended. 20 Whilst there are numerous other well-written definitions, there seemed little value in departing from such a widely used international standard (Box 2).
Respiratory failure
The group recommended two definitions covering overlapping patient scenarios. The Berlin definition of Acute Respiratory Distress Syndrome was recommended, again because this is a widely used international standard, which has already been carefully developed in a consensus process. However, as many important episodes of postoperative respiratory failure are not severe enough to meet this definition, the group also recommended an adapted version of a definition reported by FernandezPerez and colleagues 21 Respiratory failure
Need for mechanical ventilation for >48 h after operation or need for re-institution of mechanical or non-invasive ventilation after extubation Amber Median score 6 25/75 scored !7
Median score 5 1/10 scored !7
Fernandez-Perez and colleagues, 21 which describes reinstitution of mechanical or non-invasive ventilation after extubation (Box 3).
Discussion
We have summarised and evaluated a range of definitions used to describe pulmonary outcomes in perioperative medicine research. Many definitions were imprecise, or difficult to apply consistently in large patient populations because of the requirement from resource intensive diagnostic tests (e.g. bronchoscopy). The composite outcome of postoperative pulmonary complications was widely used, but the group was concerned about the lack of equivalence of component outcomes and the differing biological mechanisms, which may cause these. We therefore propose a new definition for this outcome. Importantly, this new definition includes a measure of severity which we hope will significantly reduce the subjectivity in evaluating pulmonary outcomes, and ensure a more valid comparison between studies. The group also recommended one outcome to describe pneumonia and two outcomes to describe respiratory failure. The adverse events identified do not represent a comprehensive list of all that may occur. Instead, we have focused on those considered most important in a mixed population of surgical patients and relevant to perioperative care as opposed to specific technical complications of surgery or anaesthesia.
Box 1
Recommended definition of postoperative pulmonary complications.
Postoperative pulmonary complications Mechanism
Composite of respiratory diagnoses that share common pathophysiological mechanisms including pulmonary collapse and airway contamination:
(i) atelectasis detected on computed tomography or chest radiograph, (ii) pneumonia using US Centers for Disease Control criteria, (iii) Acute Respiratory Distress Syndrome using Berlin consensus definition, (iv) pulmonary aspiration (clear clinical history AND radiological evidence). 
Mechanical ventilation
The need for need for tracheal re-intubation and mechanical ventilation after extubation, and within 30 days after surgery OR mechanical ventilation for more than 24 h after surgery. The inclusion of non-invasive ventilation may be considered on a study by study basis.
In some cases, we did not identify existing research that utilised outcomes that would be considered important. An example is pulmonary thromboembolism, which can only be reliably detected through screening of all participating patients in a given trial. Some outcomes may be more appropriate for use in smaller studies or early phase trials (e.g. clinical pulmonary infection score). 22 As previously noted, the physiological changes that follow surgery and anaesthesia, including the systemic inflammatory response, may result in partial compliance with the criteria for a number of outcome measures, in particular atelectasis. We note that reports relating to perioperative medicine are not easily identified through a literature search because there is no standard approach to the use of Medical Subject Headings (MeSH) terms by authors of perioperative medicine research articles. There is an argument for creating a new MeSH heading of 'perioperative medicine' to ensure that trials in this field are more easily identified. The strengths of this project include a detailed and extensive systematic literature search followed by a robust three stage Delphi process including a core group of experts in postoperative pulmonary complications and the wider StEP group, which includes many of the leading international experts in perioperative care research. However, this work is limited by the large number of alternative definitions which have been used in previous research. In particular, we identified a large number of composite outcomes for postoperative pulmonary complications which included a diverse range of adverse events which differed widely in frequency, severity, and biological mechanism. As a result, the group was unable to make a strong recommendation for this important outcome, and instead we have recommended a new definition which we believe is less prone to methodological bias.
Conclusions
We have summarised and evaluated a wide range of pulmonary outcome measures in perioperative medicine research, most of which were poorly defined. Our four recommended outcome measures include a new definition of postoperative pulmonary complications, incorporating an assessment of severity. Together, these definitions will meet the needs of most clinical effectiveness trials of treatments to improve postoperative pulmonary outcomes, although not every definition will be relevant to every trial. This work represents part of an international initiative to improve the definition and use of outcome measures in clinical effectiveness trials in perioperative medicine. These projects include the recent work by the European Society of Anaesthesiology and European Society of Intensive Care Medicine joint taskforce on perioperative outcome measures, 20 
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